Implementing new concepts and measures for flood risk management may be restricted by hydromechanical processes. These processes govern the movement of water masses within rivers and their floodplains. Different hydraulic processes are still not fully understood or cannot be described satisfactorily by hydronumerical models due to uncertainty in input data. The choosing of the correct surface roughness has a huge influence on the results of hydro-numerical calculation of historical and design flood events and their reliability for the assessment of flood risk mitigation measures like floodplain restoration. The authors try to outline the various effects of channel and floodplain roughness on fluvial flood routing and give examples. A method is presented for peak discharge calculation of historical flood events.
Introduction
It is widely accepted that flood risk management needs an interdisciplinary approach. New concepts and ideas arise from the juridical viewpoint, spatial planning, or social sciences as presented in this special issue. EU Member states aim for a sustainable floodplain management as requested by EU Floods Directive (2007/60/EC) as well as by EU Water Framework Directive (2000/60/EC). In recent years, it became common practice to initiate floodplain restoration and to provide new 'Room for the River' (UNESCO-IHE, 2013 ). This includes de-poldering, relocation of levees towards the hinterland (Bozkurt et al., 2000) as well as riverbed and floodplain restoration. River Isar in Munich, Germany ('Isar Plan') and river Rhone, Switzerland (www.rhone3.ch) should be mentioned here as examples. These various measures should either allow a river to transport a higher amount of water per time safely or enable a floodplain to hold more flood water back and overall, enhance a more natural fluvial regime.
Hydro-numerical models are used to calculate the impact of these measures on flood wave propagation and flood water levels and to assess the effect on flood risk, water resources, and biodiversity. These models are based on hydromechanical processes which are fundamental as they govern the movement of water masses within rivers and their floodplains.
Land elevation, land use, and land cover have a direct impact on flood generation and flood routing. Land elevation affects the local reoccurrence period of flooding (Acreman et al., 2002) . Land use and land cover are important in runoff generation. This aspect is included in the contribution of Collentine and Futter in this Special Issue and will not be discussed here. Land use and land cover influence the water flow in the river and its floodplains which are the focus of this contribution. Land use and land cover are represented in hydraulic formulas as well as hydro-numerical models as roughness coefficient.
The following paper starts with a short explanation of the principles of water storage in reservoirs and polders. To illustrate potentials and limitations of some fluvial flood risk mitigations measures from a hydromechanical viewpoint, further explanation in River Flood Retention section focus on the influence of land use and land cover on flood wave propagation and the effectiveness of polders. Only a few analytical solutions are available here. One method to estimate the effective minimum length of a setback levee is described.
In Re-calculation of floods with historical land data section, a methodology is presented to re-calculate historical flood events considering historical terrain data as well as estimations about the historical land use and land cover. A discussion on how a change in land use and land elevation alter the stage-discharge curve at river gauges is included.
Estimation of channel and floodplain roughness is of key importance in hydro-numerical models as well as flood forecast models. It was and is the greatest difficulty in applying uniform flow formulas (Chow, 1959) . And it has the same significance in hydro-numerical modelling (Ballesteros et al., 2011) . A calibration of these models is done by adjusting the local roughness coefficients. The better the implementation of roughness into these models, the better is the reproduction of real floods. Nevertheless, uncertainties in hydro-numerical models should be carefully evaluated (Pappenberger et al., 2005 (Pappenberger et al., , 2006 and clearly stated. The paper presents examples of possible flood risk management measures. It should be mandatory to study the effect of these measures using hydro-numerical models before implementing them. Each case is individual. The paper outlines general characteristics but gives examples too.
Flood retention in reservoirs and polders
The change of the water storage volume dS within a reservoir or polder equals the difference between the reservoir inflow Q in and outflow Q out during the short time period dt:
The inflow includes river inflow and overland runoff from the valley sides as well as precipitation within the reservoir itself. The outflow can be discharged through a midlevel and/or bottom outlet, over a spillway or through a turbine. In the case of fully opened outflow structures, the peak discharge occurs when the water level within the reservoir reaches its maximum. At the same time, the reservoir storage volume S has its maximum (see Figure 1) .
Land use downstream a reservoir or polder determines the maximum allowable reservoir outflow and by that the required reservoir storage and dam height. The higher the allowable outflow the lower the required storage volume and vice versa (see Figure 2) .
Flood retention can be controlled by regulating reservoir outflow. That is why the peak reduction effect is very high. Even in the case of extreme flood events, a significant delay of the flood peak can be achieved as data from the 2002 flood event in Saxony, Germany (Sieber, 2003) or from other flood events (Riha, 2006; Berga, 2010) show.
River flood retention
If a large flood wave propagates along a river valley water overflows its banks and streams into the floodplain. In the absence of additional inflow from tributaries, the flood peak decreases during flood wave propagation and the flood duration increases. This is the effect of river flood retention (see Figure 3) .
Hereby two major processes are important and are significantly influenced by land use within the floodplain. On one hand, the water moves slower in the floodplain than in the main channel. On the other hand, there is a significant difference in the energy slope during increasing and decreasing flood. In the case of an increasing flood (rising limb of flood hydrograph), there is a higher energy slope than the longitudinal bottom slope in a river reach. At the flood peak, the energy slope and longitudinal slope are equal for a moment. For long floods, quasi-steady conditions can be applied there. And at the falling limb of the flood hydrograph, the energy slope is lower than the longitudinal bed slope ( Figure 3) .
As one can easily derive from Manning's formula (Chow, 1959) 
with A -cross-sectional area, n -Manning's coefficient, r hyhydraulic radius, s e -energy slope, the gentler the energy slope the smaller the discharge capacity of the channel. That is why the flow around the flood peak is more decelerated than the flow during the rising limb of the flood hydrograph. And the flow during the falling limb of the flood hydrograph is more decelerated than the flow around the flood peak. If a floodplain is covered with higher (rigid or wooden) vegetation (see Figure 4 ) which can be described by a higher roughness coefficient in a hydro-numerical model the flood peak discharge downstream the inundation area would be lower and the flood wave duration longer ( Figure 5 ). Accordingly, water would remain longer within the inundation area and the flood water level there would be higher (Gilli, 2010) . Nevertheless, these effects have a lower impact on extreme and seldom floods than on smaller and more frequent floods. Floating debris which was retained during a flood event, e.g. in trees could create additional local roughness elements ( Figure 4 ). In order to assess the flood control function of floodplain woodland a 2.2 km long reach of River Perrett, UK was modelled (Nisbet, 2006) . The establishment of 133 ha wet woodland within this area would increase the flood storage by 71% and delay the flood peak arrival downstream by 140 min in the case of a 100-year flood.
It is also noticeable that vegetation and its influence on flood propagation differ between winter and summer season because vegetation in winter is less dense and/or lower. Hydro-numerical models, which were calibrated using a winter flood event may be unfitting in forecasting flood water levels for a summer flood event (Heyer et al., 2015) .
Restoration of channel-floodplain interaction is another aspect of land use change and its benefits for flood risk attenuation. The Wise Use of Floodplains project (Acreman et al., 2002) investigated the potential of restoring a river channel to its pre-engineered (more shallow and more narrow) state which would induce a more frequent flooding of its floodplains. Calculations for the Cherwell catchment in the UK show a possible reduction of flood flow downstream the study area by 10-15% if the river channel and floodplain are restored to its pre-engineered dimensions.
Setback levees are one of many flood risk management options, which improve ecological parameters as well (Bozkurt et al., 2000) . In the case of a levee setback, a new dike is planned farther away from a river and by removing an existing levee an additional flooded area would be provided (Figure 6 (a)). If the existing levee remains beside the new levee only two additional structures -an inflow and an outflow structure -have to be build ( Figure 6(b) ). The existing and the newly established levee than creating a so-called polder.
Assuming subcritical flow conditions and applying the Bernoulli theorem
with z -height above a datum, h -water depth, α -kinetic energy correction factor, v -flow velocity, and g -gravity acceleration constant, together with the principle of continuity
led to the conclusion that a wider flood cross-section after a levee setback causes a lower flow velocity and hence an increasing water depth if a quite short river reach is considered. Which length will be needed for a levee setback reach to get a water level reduction instead of a higher water level? This so-called effective minimal length of levee relocation L Aeff can be estimated using the following formula (Gilli, 2010) :
with h 0 -normal depth, s 0 -bed slope, h 3 -flow depth downstream of a dike relocation, and Fr 0 -Froude number at normal flow conditions (see Figure 7) . The expression f R (x) depends on the shape of the river cross-section. In a first estimation, the formula below for a rectangular shaped cross-section can be used (Gilli, 2010) :
with x as a general independent variable. The water depth ratio r h = h 1 /h 3 can be derived from: upstream of it. Gilli (2010) stated further, that levee relocations reduce the peak discharge only in case of smaller floods or very wide and long additional flooded areas and the longer and the wider a levee relocation area the higher the decreasing effect on flow depth. Additionally, it was found that peak reduction is higher in the case of shorter and steeper flood hydrographs than in the case of longlasting floods.
The advantage of a polder is the controlled flooding of its area and a further potential for reducing downstream flows (Acreman et al., 2002) . Land use in polders should be restricted in order to maintain a maximum storage volume and to propagate a fast inflow and filling process. In addition, land use should not stimulate additional sedimentation of fine river sediments. That is why polders are often used as grassland. Near the inflow and outflow structure flow velocity is higher and the bottom should be covered with a material which is less prone to erosion.
Re-calculation of floods with historical land data
Many available river gauge records are not long enough to yield reliable values for large reoccurrence periods of extreme floods. One way to improve flood frequency estimations is to extend river gauge records by including historical and even palaeo floods. There is a significant impact of historical records on 100-year flood variation estimations (Mei et al., 2015) .
Historical flood data are documented in chronicles or by flood level marks at buildings or bridges whereas palaeo floods can only be detected by analysing geologic indicators like distribution of river sediments in a valley (Han, 2011) . Natural (climate) as well as anthropogenic factors (reservoirs, deforestation, land use) contribute to floods. But these long-term effects are not easy to trace. Studies of trend analysis of floods still do not show convincing and spatially coherent patterns on the regional and global scale (Svensson et al., 2006) . Historical and palaeo floods do not necessarily join seamlessly to the continuous records at a river gauge (Han, 2011) .
Data about historical floods are often only descriptive and qualitative. These descriptions are mainly focused on flood damages, provide seldom maximum flood water levels and can be found in various data sources (Pohl, 2008) . A method to re-evaluate the local flood frequency curve is outlined in Figure 8 . As this analysis is based on annual maximum flood discharges, they have to be recalculated on the basis of flood water levels or maps including the extent of the flooded area.
Formerly, the widely known Manning's formula was used to calculate discharge out of water level data and is still recommended today (Han, 2011) . But it is noticeable that this formula is only applicable for steady and uniform flow conditions without considering changes in flow regime, backwater effects, and other influences. It is not suitable for wide floodplains with different flow directions (5)- (7)) within a levee relocation reach (plan view -above).
including still water zones. Nowadays, the preferred method would be a hydro-numerical model. It is important to know that hydro-numerical model should cover a sufficient long river reach upstream and downstream of a considered river gauge.
But is it possible to use hydro-numerical models on the basis of current data to re-calculate historical floods? Environment, society, and cities change. For instance, in Europe, many cities grew significantly in population and settlement area during the 19th century simultaneously to the Industrial Revolution. Floodplains formerly covered by riparian forests are now intensively used agricultural land. River islands, arms, and sandbanks have vanished or might be again established by river restoration projects. It is plausible to assume that these changes and developments influence flood wave propagation by a change in land elevation and a change in land use and land cover, which causes a change in local roughness and channel cross-sections.
Historical land elevation data
A change in land elevation can be either resulting in locally lower or higher land elevation. Near rivers and in flood plains this can be due to • Deposition of river sediments at a river mouth forming a cone of debris in mountainous regions or a river delta in lakes or the sea.
• Sedimentation of fine river material within floodplains during inundation periods triggered by a smaller flow velocity there.
• Alterations of riverbanks and sandbars due to erosion and sediment transport.
• Deposition of man-made debris like broken dishes or old bricks (e.g. Monte Testaccio in Rome, Italy).
• Deposition of man-made debris after the Second World War; often as little hills ('Schuttberg'), e.g. in Munich, Berlin, Leipzig, or along river banks (e.g. in Dresden).
• River training (see Figure 9 ), which produces a change in elevation along with a change in river depth and width (Acreman et al., 2002) ; it also includes measures to increase waterway depth by dredging or measures to lower the terrain level by removing sediments from a flood plain (e.g. at river Elbe in Dresden in 2007).
• River restoration projects (e.g. river Isar in Munich, Germany).
Results of intensive river-training measures can be found, e.g. at the river Cherwell, UK (Acreman et al., 2002) or at the river Rhone, Switzerland. At the latter, first measures were taken between 1863 and 1893 during the so-called '1. Rhonekorrektion' (DVBU, 2008; Popp-Walser, 2013) . They included levees at both sides of the river, reduction of river reaches length and separation of smaller river branches. Between 1928 and 1961, in Figure 8 Method to apply different stage-discharge curves representing different historical periods (1) to get newly calculated annual maximum flood discharges (2) and new local flood frequency curve (3).
(a) (b) Figure 9 Change in river cross-section due to river trainingaround 1850 (a) and today (b), rivers today are narrower and deeper (above -oblique view, below -cross-sectional view).
narrowed, flow depth increased, and levees heighten to increase sediment transport capacity. In 2008, new measures started to increase flow capacity as well as improve ecological aspects. All these river-training measures were accompanied by the growth of population and logically a change in land use by expanding urban and industrial areas. It is very difficult and time-consuming to determine the floodplain wide change in land elevation over hundreds of years by means of historical maps or reports because they contain always locally limited data. An inundation map of a flood event with its combined information about the flood water above a datum and the according boundary of the flooded area is a good tool to get an impression about historical land elevation along a river reach. The development of river crosssections over time could be calculated on the basis of the annual amount of erosion and sedimentation in a river reach.
Historical land cover and land use data
Mankind has changed the land use in flood plains significantly over the last centuries. One aspect of change in land use is an increase or decrease in potential flood damages (Beckers et al., 2013) and has to be included in flood risk analysis. Another aspect is the change in floodplain roughness, which has to be included in hydro-numerical models.
The land of a flood plain can be covered, e.g. by riparian forest, extensive or intensive used grassland, fields, urban areas, and industrial and commercial areas. Each of these land uses is described in a hydro-numerical model by a different roughness value (e.g. Chow, 1959) . In general, higher wooden vegetation or buildings have a higher roughness than lower or flexible vegetation. Urban areas are characterised by a relatively smooth land cover like paving or asphalt. Nevertheless, an urban area is considered as a land use with a high roughness. This is due to additional energy loss as the water flows around corners of buildings, is hindered by fences and transports a lot of debris.
As an example, two major flood events of the river Elbe in Dresden are presented. In Figure 10 , the extent of the inundated land during the events in 1845 and 2002 is shown in two different maps. Whereas in 1845 most of the flooded land was covered with grassland, fields, and gardens in 2002, this same area were urbanised and densely populated. This has to be taken into account in a hydronumerical model by changing the roughness parameter.
Historical based hydro-numerical models
All these changes have to be carefully investigated and incorporated in a hydro-numerical model by applying the historically correct river cross-sections, land elevation within flood plains and roughness (by means of Manning's n). Structures across a river and/or its valley (e.g. bridges, weirs, embankment dams for roads and railways) or close to its banks have to be incorporated as well. Here, it is very important to investigate the real structure at a certain time (e.g. how many and which kind of piers had an old bridge) because they have a very significant influence on local stage-discharge curves (Clark, 2006) . A different hydro-numerical model has to be established for each period with significant changes in land elevation and land use. The result of the hydro-numerical computation is a stage-discharge curve for each period as an input for further evaluation according to the method in Figure 8 . Every maximum flood discharge in the annual series can be checked by applying the historically based stage-discharge curves to the according flood water level. Values can be interpolated. Consequently, this may change local flood frequency curves and may result in quite different design flood discharges which are the basis for flood protection measures and flood damage mitigation plans.
A flood discharge re-calculation can result in higher or lower peak discharges than expected. means of a 1D-HN-model (Pohl, 2008) and about 4500 m 3 /s by means of a 2D-HN-model (Kirsch and Pohl, 2011) . This is significantly lower than the former official value of 5700 m 3 /s (LfULG, 2012) . The discharge for the flood event at the river Elbe in Dresden in 1890 had to be modified too (DWA, 2008) .
Conclusions
Different hydraulic processes are still not fully understood or cannot be described satisfactorily by analytical formulas. Hydro-numerical models can help to assess the effects of flood mitigation measures. The choosing of the correct surface roughness has a huge influence on the results of hydronumerical calculation of historical and design flood events and their reliability. Hydro-numerical models are applicable to extrapolate stage-discharge curves for large floods.
Roughness coefficients like Manning's n or Strickler's k st were originally introduced in 1D-flow calculations. Their application in 2D-hydro-numerical models is based on experience and expert knowledge. That is why calibration and verification of hydro-numerical models are very important for the reliability of the modelling results. In the case of assessing a potential measure in floodplain management, the roughness coefficients for future land use and land cover has to be estimated and model calibration is not possible. Furthermore, a future Meta-study could help to identify proper application of roughness parameters in 2D-hydro-numerical models and how it differs from the application in 1D-hydro-numerical models.
Land elevation (e.g. river cross-sections), land use, and land cover in river floodplains could change dramatically over time. This can have a significant effect on stagedischarge relations at river gauges as described. Future land use change as part of the spatial planning or as a natural process affects flood routing and flood water storage in floodplains. Further data are needed to assess the sensitivity of flow parameters due to changes in land use and land cover or the influence of seasons on plants in a floodplain and their impact on the stage-discharge curves of flood gauges.
